This book series covers topics of interest to a wide range of academic and industrial chemists, and biochemists. Catalysis by metal complexes plays a prominent role in many processes. Developments in analytical and synthetic techniques and instrumentation, particularly over the last 30 years, have resulted in an increasingly sophisticated understanding of catalytic processes. Industrial applications include the production of petrochemicals, fine chemicals and pharmaceuticals (particularly through asymmetric catalysis), hydrometallurgy, and waste-treatment processes. Many life processes are based on metallo-enzyme systems that catalyze redox and acid-base reactions. Catalysis by metal complexes is an exciting, fast developing and challenging interdisciplinary topic which spans and embraces the three areas of catalysis: heterogeneous, homogeneous, and metallo-enzyme. Catalysis by Metal Complexes deals with all aspects of catalysis which involve metal complexes and seeks to publish authoritative, state-of-the-art volumes which serve to document the progress being made in this interdisciplinary area of science.
Foreword: So Why Do We Need Supported Catalysts?
We live in the Oil Age -but not for long. Unlike the Stone Age, Bronze Age or Iron Age, which lasted many thousands of years and, in the case of the Iron Age, is continuing, the Oil Age will extend over only about 150 years. Nehemiah may have discovered oil 2,500 years ago [1], but it was not until the invention of internal combustion engines by Lenoir (1861), Rochas (1860) [2] , and especially Otto (1861, 1876 [3] ) and their use by Benz and Daimler in cars that oil came to be used as a fuel [4] . Since then, oil has proven to be so useful that massive fortunes have been accumulated by countries where it occurs naturally (even the King in Nehemiah's day saw its potential: "The king, after verifying the facts, had the place (where the oil was discovered) enclosed and pronounced sacred. To the people on whom the king bestowed it, he granted a part of the considerable revenue he derived from it" [1]) and even wars have been fought over it. Best estimates indicated that, if usage continues at the present rate, readily extractable (so cheap) oil will only last for another 40 years and this projection has hardly changed, since 25 years ago the estimate was 60 years [5] . Gas does not have a much longer lifetime unless methane hydrate can be exploited cheaply but coal will last for several hundred years.
In many ways the diminishing reserves and availability of fossil fuels are a good thing, because the other major problem is that their use immediately or eventually produces carbon dioxide, the major gas implicated in Global Warming and Climate Change, one of the greatest threats to life on earth if it is allowed to proceed unchecked [6] . Use of all the available reserves of oil, gas and coal would lead to unacceptable warming, but their diminishing supply means that there will be a natural end to this source of overheating of the planet.
Although the main use of fossil fuels is for the production of energy in fixed (power stations) or mobile (vehicles) installations, they also find major uses in the production of a vast array of chemical products that allow us the high standard of living we currently enjoy. The petrochemicals industry manufactures all kinds of important chemicals from building blocks for a wide variety of plastics through lubricating and other oils, the main components of shampoos, detergents, soaps, perfumes etc. to drug precursors and agrochemicals, which allow us to feed an ever increasing world population. Without the petrochemical industry we could not sustain life on the planet. We would be cold, hungry, dirty and ill.
However, there is another problem. The industries that rely on petrochemicals, as well as those that do not, sometimes use chemistry that produces large amounts of waste, often more than the amount of the desirable material. This waste must be handled and disposed of -often to toxic land-fill sites at great cost in terms of energy and amenity. Soon there will be few sites left for disposal of this kind. The smaller the amounts of product being manufactured, generally the dirtier is the Chemistry. This is well summed up in the table of E-factors (Table 1 ) developed by Sheldon [7] , which represents the tonnes of waste produced per tonne of product manufactured. The pharmaceutical industry produces drugs of enormous benefit to mankind and very high added value, but it does this with little regard to the elimination of waste.
So this is the major challenge facing us today. How do we produce the very many chemical products upon which we have come to rely, cheaply, cleanly and with diminished use of fossil fuel resources?
Much of the answer lies in catalysis. Catalysis allows chemical reactions to be carried out under milder conditions, thus saving energy. There are three main types of catalyst. Enzymes, which nature has engineered over thousands of years to work in water at room temperature and atmospheric pressure to carry out very highly selective reactions, often selecting one feedstock from a vast array of possibilities and producing only one product with 100% selectivity in terms of chemo-, region-, and stereo selectivity. In other words enzymes can modify a particular molecule in one position to give a single product in which even the chirality is controlled. Unfortunately, the products that nature requires are not always the same as those needed for the vast arrays of feedstocks required by the Chemical Industries, so using enzymes for the kinds of products we need is not always possible. Although enzymes are used in some processes even for fairly large volume products such as the synthesis of lactic acid for the synthesis of polylactide [8] , which is a biodegradable replacement for polythene or polystyrene, their very high substrate and product selectivity as well as their often low stability under conditions other than those for which they were optimised (water, room temperature, atmospheric pressure) makes them unsuitable at present for use in the wide range of processes required by the chemical industry. Manmade catalysts have therefore been introduced. These come in two forms; those where the catalyst is in a different phase from the reactants and products (heterogeneous) and those where the catalyst is either dissolved in the products or both are in a solvent, usually an organic compound.
Heterogeneous catalysts, usually metals or metal oxides can give dramatic rate accelerations, are stable to high temperature and can easily be separated from the reaction products. Generally their selectivity is low or cannot be tuned very much, although shape selective tuning can occur using microporous solids such as zeolites. Homogeneous catalysts, which generally consist of metal centres surrounded by a variety of ligands on the, other hand are highly versatile, act under mild conditions and can give very high selectivities [9] . By varying the metal centre and the surrounding ligands, the chemo-, region-and stereo-selectivites can be tuned so that a very wide range of different product can be made available. The power of homogeneous catalysis is reflected in the award of Nobel prizes for asymmetric catalysis (Sharpless, Knowles and Noyori, 2001 ) and for alkene metathesis (Schrock, Grubbs and Chauvin, 2005) in the last 10 years. Despite the huge promise offered by homogeneous catalysts, rather few have been commercialised. One of the main reasons for this arises because they are homogeneous. This means that the reaction products have to be separated from the catalyst and any solvent. Usually this would be done by fractional distillation, but many of the products have rather low volatility and cannot be distilled below the decomposition temperature of the (often) thermally sensitive catalyst. This separation problem and the need to use organic solvents (often volatile organic compounds, VOCs), which can themselves be pollutants.
The huge potential for using homogeneous catalysis for manufacturing a large range of desirable bulk, commodity, speciality, pharmaceutical and agrochemical products awakened scientists to the separation problem from the very early days of homogeneous catalysis research and very many ingenious approaches are being developed [10] [11] [12] [13] . These range from biphasic systems in which the catalyst is present in one phase whilst the product is in another to catalysts that are attached to solid supports. There are hybrid systems where the catalyst is dissolved in a thin film of liquid distributed over a solid support and systems where the catalyst can be switched by a stimulus such as heat [14] , light or bubbling CO 2 from a phase where the reaction occurs to an immiscible solvent from which the product can be decanted [15] [16] [17] . Sometimes the reaction can be carried out in one phase but the mixture separates into two phases on cooling, bubbling CO 2 etc. When two phase reactions are employed, the separation is usually carried out by taking some of the two phase mixture to a gravity separator where the phase containing the organic product is decanted and the catalyst phase returned to the reactor. Two examples where this approach has been commercialised are the Shell Higher Olefins Process where long chain alkenes are prepared by ethene oligomerisation and separated from the catalyst dissolved in polar 1,4-butanediol [18] , and the Ruhr ChemieRhône Poulenc process for the hydroformylation of propene with the catalyst dissolved in water with which the product butanal is immiscible [19, 20] . These two processes both involve batch continuous processing where some of the reaction mixture is removed from the reactor and treated under quite different conditions from those in the reactor. It would be more desirable to have continuous flow reactions where the substrates and reacting gases are pumped into the reactor containing the dissolved catalyst whilst the products flow out. All the catalyst is in the reactor all the time and is kept under conditions for which it has been optimised. Continuous flow processing of this kind is possible where the reaction products are volatile under the reaction conditions (e. g. the rhodium catalysed hydroformylation of propene, where the product butanal (b.p. 75°C) distils from the reactor at the reaction temperature (105°C) [21] or in new systems where the catalyst is dissolved in an ionic liquid [22, 23] or a high molecular mass liquid polymer such as polyethylene glycol with the substrates and products being transported out of the reactor using a supercritical fluid [24] . Although such systems can be used for a much wider range of (less volatile) substrates, they have not so far been commercialised.
For supported catalysts, the possibility exists for flow processing since they can be handled like heterogenenous catalysts and used in simple flow reactors. In principle, they are very simple to use, but none have so far been commercialised. Although the idea of anchoring homogeneous catalysts onto solid supports was first investigatedsoon after the development of the new generation of phosphine liganded catalysts (in the 1960s) [25] , usually using a modification of the ligand to provide the attachment, leaching of the liquid was always observed to some extent, either because the metal became detached from the linking ligand at some point during the catalytic cycle and so dissolved, or because the ligand itself was somehow cleaved from the support. Nanoparticle formation can also be a cause of leaching. In one case, a rhodium catalyst supported on an anion exchange resin is used for the carbonylation of methanol. It is accepted that leaching occurs and a guard bed is placed further down the reactor flow system [26] . Leached catalyst is trapped by this guard bed, which is eventually used as a replacement catalyst bed, thus reducing the leaching to manageable proportions even for an expensive rhodium based catalyst. In this system, at least some of the catalysis and possibly the majority occurs through the solubilised rather than the supported catalyst.
A key development occurred in 1999 [27], when the group headed by van Leeuwen, Kamer and Reek reported that a rhodium catalyst involving a bidentate ligand which had been modified to include a remote -Si(OEt) 3 group could be incorporated by sol gel processing into silica. A single batch of this catalyst was used for a variety of reactions -mainly hydroformylations in the liquid phase, over a period of 1 year without loss of activity or selective and without observable leaching of rhodium [28] . This development and others have led to a large increase in activity aimed at the development of non-leaching supported catalysts which retain or surpass the activity and selectivity of their homogeneous counterparts [29] .
This book brings together contributions from leaders in the field of research into supported homogeneous catalysts. It takes a broad view, covering soluble and insoluble supports, supported liquid phase catalysis and membrane imbedded catalysts. Some Chapters concentrate on the design and synthesis of the supports and on the attachment of the catalysts to the supports, whilst others concentrate on specific types of applications of the supported catalysts or on studies aimed at identifying the exact nature of the supported species. However, the commercialisation of catalysts does not only depend upon the catalyst and the support, but also in the reaction engineering that allows the Chemistry to be carried out to its fully optimised potential. One chapter of the book discusses the challenges and some solutions for the engineering of supported catalysts, whilst another addresses progress made in modelling homogeneous catalysts on supports. Finally, a most important chapter discusses the major factors that must be taken into account when considering using supported catalysts in commercial processes. The various possible pitfalls are explored and the reasons why a fully homogeneous system was preferred over a supported analogue for the synthesis of the enantiopure herbicide (S)-metolachlor are discussed.
The majority of the contributors to the book are members of NANO-HOST an Initial Training Network set up by the European Commission under the auspices of the Marie Curie actions to train young people in the area of supported catalysis and to encourage them to be flexible and mobile within the European Community. Funding for these Networks is extremely competitive so the presence of NANO-HOST indicates the importance placed on the development of supported catalysts by the European Commission. The work of all the authors has been integrated through the European Network of Excellence, IDECAT, which seeks to facilitate integration of scientists working in all branches of catalysis. NANO-HOST sprung from IDECAT, which has also spawned the European Research Institute of Catalysis, for the continued development of catalysis in Europe. 
Preface
The design of green and economically feasible processes for the production of fine chemicals is certainly one of the major needs and biggest challenges for a sustainable development of our planet. Catalysis contributes substantially to this goal by providing comparatively lower impact technologies and further in the recent years several efforts have been exerted aimed at broadening the scope of the catalysts, increasing their accessibility and efficiency, lowering their costs and ensuring their reuse. This book collects the contributions of some of the leading scientist working in the field of the heterogenization of homogeneous chemical catalysts. The snapshot we get is a clear evidence of the level of expertise and sophistication reached with this methodology. The fascinating world of "heterogenized catalysis" is perfectly introduced in Chapter 1, where the differences and the advantages of the approach, compared to the two traditional disciplines of homogeneous and heterogeneous catalysis, are illustrated. The following chapters focus on the solid support materials, either inorganic, organic, dendrimer or nanosized, to show their subtle, often determining influence on the catalyst performance and how the mastered elaboration of new materials may be used as a tool to tailor and improve this. Selected examples of application reported in Chapters 9-11 testify the versatility and the potential of the method. No surprise that most processes are carried out in an enantioselective fashion. This is a prerogative of molecular catalysts which, coupled with the easy handling and recycling typical of immobilized systems, favourably differentiate heterogenized catalysts from the conventional heterogeneous ones. To this end, particularly evocative is the possibility to engineer enzymemimicking solid catalysts, as properly described in Chapter 2. The contributes dealing with membranes and reactors were purposefully included to provide insights of the technological opportunities and solutions offered by the heterogenization of homogeneous catalysts. Further, clear distinction of immobilized molecular systems is their possibility to enable both a systematic design of new catalysts and an easier characterization of the active sites, compared to the classical heterogeneous catalysts. Chapters 12 and 13 are paradigmatic in this sense.
Nevertheless, despite the above advantageous features and the progresses achieved by academia in this research area, with a few notable exceptions [1] , examples of the use of heterogenized catalyst in industrial processes are still rare. This issue is critically analyzed in the "industrial" viewpoint reported in Chapter 7.
In conclusion, the main aim of the book was to provide the reader not only with an update on the state-of-the-art of the heterogenization of molecular catalysts, but also to offer a guide on the basic concepts behind this emerging, multidisciplinary technology which integrates several of the subdivision of chemistry, at the border of physics and chemical engineering; to assess the critical points in the field and, at the same time, to indicate the future perspectives and possible strategies. Our feeling is that the target was fully achieved. Likely, this is the first text in which the subject is treated comprehensively in all its essential facets. Therefore, we are confident that this book will be a helpful companion and deliver key hints to those, in the academia and in the industry, who decide to move their research interests in this direction.
Finally, we wish to thank the Authors of this volume for their enthusiasm and care in drawing up their contribution, all people at Springer's office, London for their precious assistance and the IDECAT (www.idecat.org) and NANO-HOST (www.nanohost.eu) Networks for providing substantial inputs to the topic of the book. 
